Wine lees are the residual precipitate formed during wine fermentation, storage, fi ltration or centrifugation (1). The (poly)phenolic compounds in lees determine the colour, intensity and organoleptic properties of wine. Through biochemical processes in lees, enzymatic activitiy induces the transformation of phenols to high value--added polyphenolic compounds with in vivo physiological activity, such as gallic acid or ellagic acid, catechin, caff eic acid, resveratrol and others (2) (3) (4) (5) 
Introduction
clear transcription factor (NF)-κB induced by reactive oxy gen species or activators of protein kinases, and are described as cancer chemoprevention substances, antioxidants, anti-infl ammatory agents, and substances that improve glucose/lipid metabolism or prevent cardiovascular disease (CVD) (6) (7) (8) (9) .
CVD is currently the preeminent health issue worldwide and signifi cant risk factors include hyperlipidaemia, high serum low-density lipoprotein (LDL) cholesterol and lipoprotein(a) levels, with low high-density (HDL) cholesterol (10) (11) (12) . In 2013, the results of a large prospective randomised trial on stroke risks showed the benefi ts of a Mediterranean diet with moderate wine consumption in comparison with a low-fat diet. The study demonstrated a relative stroke risk reduction of 33-46 %. Furthermore, other studies have shown that red wine consumption is inversely related to mortality from CVD, and cardioprotection has been observed with consumption levels up to 300 mL of wine per day (13, 14) . In healthy individuals, the plasma concentrations of polyphenols increased in positive correlation with the phenolic content of consumed wine aft er just two weeks of consumption, indicating that wine polyphenols are successfully absorbed and bioavailable in humans and inhibit oxidative stress (15, 16) . Polyphenols exert antioxidant properties to wine, and their eff ectiveness was demonstrated by Greenrod and Fenech (17) , who reported a reduction (>70 %) of H 2 O 2 -induced genetic damage occurring just one hour aft er the consumption of 300 mL of red wine. In addition to the described antioxidant properties, wine polyphenols are known to reduce plasma triacylglycerol (TG) and total cholesterol (TC) levels, and elevate HDL concentrations, thereby reducing the risk of CVD (18) .
Driven by the evidence of the benefi cial health eff ects of wine consumption due to its polyphenol content, we hypothesised that the organic residue remaining aft er wine processing and the precipitation of lees might be a rich source of polyphenols and that such a raw, natural, compound mixture might be a polyphenol source that could play a positive physiological role against high cholesterol and lipid levels in the organism.
Furthermore, wine production is hampered by residual plant waste and large residual quantities pose an environmental risk. The disposal of organic waste containing more than 5 % organic carbon is prohibited in the EU and is estimated that in Europe alone, 14.5 million tonnes of grape by-products are produced annually (19, 20) . The results of this preliminary study might direct the reuse of such organic waste. The valorisation potential for this agroindustry by-product is currently supported by extensive information available on polyphenols in the context of health-promoting phytochemicals boasting a range of activites in the prevention of oxidative reactions, infl ammatory processes and CVD in adults (21, 22) .
The aim of this study is to investigate whether wine lees, as the residue of wine production, aff ect the lipid levels in the blood and antioxidative processes in liver in diet-induced hyperlipidaemia and hypercholesterolaemia. The study examines whether the qualitative and quantitative properties of polyphenols from wine lees and their in vitro antioxidative capacity, scarcely reported in the literature, refl ect the in vivo physiological potential that is well known for wine consumption but not yet reported for wine less.
Materials and Methods

Wine lees samples
Wine lees were obtained directly from the Čitluk winery, Bosnia and Herzegovina (geographical location at N43.225708, E17.697295), as decanted sediment naturally occurring in the barrels/containers during the process of making Blatina wine in the 2014 production year. The freshly decanted thick, semiliquid precipitate was transported to the laboratory and kept at 4 °C until analysis. Lyophilisation of 100 mL of wine lees using Christ Gamma 1-16 LSC freeze dryer (Martin Christ GmbH, Osterode am Harz, Germany) gave 13 g of dry matt er (dm).
Determination of the physicochemical parameters of wine lees
Total solid content of wine lees was determined using the gravimetric method. A sample of (2±0.0001) g of wine lees was mixed with about 5 g of sea sand and dried at 105 °C until constant mass was achieved (23) .
Extraction of the phenolics from wine lees
Approximately 2 g of wine lees were mixed with 10 mL of methanol/2 % HCl (95:5, by volume) solution, and aft er 60 min the solution was fi ltered under vacuum. Extraction of the residue was repeated three times.
Determination of total phenolic, nonfl avonoid, total fl avonoid and anthocyanin content of wine lees
Total phenolic content was determined using the Folin-Ciocalteu method (24) . An aliquot (20 μL) of diluted extract of wine lees or standard solutions of gallic acid (25-500 mg/L) was mixed with 1580 μL of distilled water and 100 μL of Folin-Ciocalteu reagent. A volume of 300 μL of sodium carbonate solution (200 g/L) was added to the mixture and vortexed, incubated at room temperature for 2 h, and the absorbance was measured by the Libro S22 spectrophotometer (Biochrom, Cambourne, UK) at λ=765 nm against the blind sample as a reference. The results of total phenolic content were calculated according to the calibration curve for gallic acid: y=0.00103x-0.01128; R 2 =0.99728 /1/ where y is the absorbance at 765 nm and x is the concentration of gallic acid in mg/L.
Total phenolic content was expressed in mg of gallic acid equivalents (GAE) per 100 g of dm.
Total fl avonoid content was determined according to Ough and Amerine (25) . A mixture of 3 mL of the extracted solution of wine lees, 1.5 mL of aqueous hydrochloric acid solution (1:4, by volume) and 3 mL of formaldehyde was injected into a stoppered fl ask fi lled with nitrogen gas to remove the air and left at 22 °C for 24 h in the dark, then fi ltered. The nonfl avonoid phenolic compounds were determined with the Folin-Ciocalteu reagent aft er the removal of fl avonoid phenolic compounds precipitated with formaldehyde. Then the total fl avonoid content was calculated as the diff erence between the total polyphenolic content and total nonfl avonoid content, expressed in mg of GAE per 100 g of dm.
Total anthocyanin content, calculated as cyanidin-3--glucoside, was determined by the method of Giusti and Wrolstad (26) . Two dilutions of the extract of wine lees were prepared, one with potassium chloride buff er (pH= 1.0), and the other with sodium acetate buff er (pH=4.5). Aft er 15 min of incubation at room temperature, absorbance was measured simultaneously at wavelengths of 510 and 700 nm: A =(A 510 nm -A 700 nm ) pH=1.0 -(A 510 nm -A 700 nm ) pH=4. 5 /2/ and the mass fraction of anthocyanins was calculated as follows:
where A is absorbance, ε is molar absorption coeffi cient of cyanidin-3-glucoside (26 900 L/(mol·cm)), l is cell path length (1 cm), M is molar mass of cyanidin-3-glucoside (449.2 g/mol), DF is dilution factor, V is fi nal volume (mL), and m is mass of the sample (mg). Results are expressed in mg of cyanidin-3-glucoside equivalents (CGE) per 100 g of dm.
Determination of total antioxidant capacity of wine lees by the DPPH method and ferric reducing antioxidant power
The 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging capacity was determined according to Brand--Williams et al. (27) . A sample of 2 mL of extract of diluted wine lees or Trolox in methanol solution (25-200 μmol/L) was mixed with 2 mL of methanol and 1 mL of 0.5 mM DPPH in methanol solution, vortexed and incubated in the dark for 20 min, then the absorbance was measured at 517 nm against a methanol blank without the DPPH. The results were calculated according to the calibration curve for Trolox:
where y is the absorbance at 517 nm and x is the concentration of Trolox in μmol/L. DPPH values were expressed in mmol of TE per 100 g of dm.
The ferric reducing antioxidant power (FRAP) assay was conducted according to Benzie and Strain (28) . The 
Extraction of samples for high-performance liquid chromatography
A mass of 40 mg of ascorbic acid was dissolved in 2.5 mL of redistilled water. The homogenised sample (1.0 g of lyophilised powder of wine less) was added to 12.5 mL of methanol and 5 mL of 6 M HCl and resuspended in 25 mL of methanol. Prior to injection into the high-performance liquid chromatograph (HPLC), the sample was fi ltered (fi lter pore size of 0.45 μm; Cameo Syringe, Sigma-Aldrich, St. Louis, MO, USA). The aforementioned solvents (methanol and acids) were of HPLC grade and purchased from J.T.Baker, Deventer, The Netherlands. The HPLC analysis of each sample was performed in triplicate. Phenolic acids and fl avonoid standards, including ellagic, gal lic, caff eic, p-coumaric and chlorogenic acids, kaempferol and quercetin were from Sigma-Aldrich. All standards were dissolved in methanol to a concentration of 1 mg/mL and were stored in dark at -20 °C. The range of standards in water solution was (in mg/L): ellagic acid 3.196-318.000, gallic acid 1.005-100.000, caff eic acid 1.005-100.000, p-coumaric acid 3.216-320, chlorogenic acid 1.126-112.000, kaempferol 0.221-22.000 and quercetin 3.216-320. Standards were fi ltered and analysed by chromatography under the same analytical conditions as the solution samples of wine lees in triplicate per each standard concentration. Based on the known concentration of the obtained chromatogram, the calibration curve was made.
Chromatographic separations were performed on a Zorbax Eclipse XDB-C18 column (4.6 mm×250 mm, 5 μm; Agilent Technologies, Richardson, TX, USA). The column was placed in an oven at 20 °C. The HPLC was a Shimadzu (Kyoto, Japan) LC-10AD-vp series pumping system, with the refractive index detector RID-10A, a diode array detector SPD M10Avp, fl uorescence detector RF-10Axl, vacuum degasser SGA-14A, system controller SCL-10Avp and the thermostat column CTO-10Asvp. Two solvents of HPLC grade were used with a constant fl ow rate of 0.8 mL/min. Solvent A consisted of 1 % acetic acid in water and solvent B was methanol in water. For the elution program, the following fractions of solvent B were used: 5 % B for 0-30 min, 80 % B for 30-33 min and 5 % B for 33-38 min.
Phenolic acids and fl avonoids in the analysed samples of wine lees were identifi ed and quantifi ed on the basis of the prefabricated calibration curves of gallic acid (R=0.9993), chlorogenic acid (R=0.9910), caff eic acid (R= 0.9989), p-coumaric acid (R=0.9969), ellagic acid (R=0.9928), quercetin (R=0.9988) and kaempferol (R=0.9991). Compounds were detected using a detector with diode array at wavelengths of 260 nm (ellagic acid), 280 nm (gallic acid), 320 nm (chlorogenic, caff eic and p-coumaric acids) and 360 nm (quercetin and kaempferol).
In vivo study: animals and diets
A total of 32 male inbred C57BL/6 mice, weighing 24 to 26 g were obtained from the Department of Animal Physiology, Faculty of Science, University of Zagreb, Cro- Animals were randomly divided in treatment groups and kept in group cages (N=8 mice per group) and received daily treatments by oral gavage over a 60-day period: group 1 (control) was fed normal diet with 0.2 mL of phosphate-buff ered saline, group 2 animals received daily treatment of normal diet with the addition of wine lees in a dose of 1 g/kg, group 3 was fed high-cholesterol diet (HCD) containing suspension of 2 % (mass per volume) cholesterol in 0.2 mL of sunfl ower oil, and group 4 was fed a combination of the diets of groups 2 and 3 (0.2 mL of 2 % HCD with wine lees in a dose of 1 g/kg). The dose of wine lees was determined based on previous pilot trials conducted on three animals, when it was concluded that the optimal dose was 1 g/kg per day, i.e. 0.2 mL of orally administered solution of wine lees (26 mg of dry matt er per mouse), and that lower doses (diluted lees) had no eff ect.
Serum and tissue preparations
Blood was collected from the tail vein, the animals were sacrifi ced by cervical dislocation and the liver was extracted and weighed prior to freezing at -80 °C until analysis. Tissue for the determination of malondialdehyde (MDA), superoxide dismutase (SOD), catalase (CAT) and glutathione (GSH) was placed in 50 mM phosphate buff er (pH=7.4), homogenised (10 % by mass per volume) with the ultrasonic homogeniser SONOPULS HD2070 (Bandelin electronic GmbH & Co. KG, Berlin, Germany) using a probe MS73 (Bandelin), sonicated on ice for 30 s in three 10-second intervals and centrifuged at 20 000×g for 15 min at 4 °C. The supernatant was stored in plastic tubes at -80 °C until assayed.
Determination of serum lipid content
Serum was obtained by high speed centrifugation (15 min, 15 000×g, model 5424/5424 R microcentrifuge; Eppendorf, Hamburg, Germany) and stored at -80 °C until analysis. The concentrations of total cholesterol (TC), triacylglycerol (TAG), high-density cholesterol (HDL), and liver damage indices (aspartate aminotransferase (AST) and alanine aminotransferase (ALT) values) were measured by enzymatic colourimetric methods with commercial kits (Sigma-Aldrich) on an automatic analyser (Olympus 2700; Beckman Coulter Inc., Brea, CA, USA). Serum low-density lipoprotein (LDL) was calculated according to Friedewald et al. (32) .
Determination of protein
Protein concentration in the samples was estimated by the method of Lowry et al. (33) with bovine serum albumin (BSA) as the standard. It was used to express the values of measured oxidative stress parameters.
Markers of oxidative stress
Lipid peroxidation was determined by measuring the concentration of MDA using a modifi ed method of Ohkawa et al. (34) . A sample of 200 μL of homogenised tissue was mixed with aqueous solutions of 200 μL of 8.1 % sodium dodecyl sulphate (SDS), 1.5 mL of 20 % acetic acid (pH=3.5) and 1.5 mL of 0.81 % thiobarbituric acid, and incubated for 60 min at 95 °C. Aft er cooling on ice, the absorbance was measured at 532 and 600 nm with a Libro S22 spectrophotometer (Biochrom). Total absorbance was determined using the formula:
A total =A 532 nm -A 600 nm /6/ MDA levels were determined using molar absorption coeffi cient for malondialdehyde-thiobarbituric acid (MDA--TBA) complex of 1.
The SOD assay is a modifi cation of the method proposed by Flohé and Ött ing (35) . The SOD activity was calculated from the percentage of inhibition of the reaction of xanthine oxidation (ΔA/min≈0.025), which creates a superoxide anion as a substrate for the SOD present in the samples. The superoxide anion not used by the enzyme oxidises the cytochrome. An undiluted sample (25 μL) was mixed with 1.45 mL of the reaction solution (cytochrome C 0.05 mM and xanthine 1 mM mixed in a 10:1 ratio with 5-5'-dithiobis[2-nitrobenzoic acid] (DTNB)). A volume of 20 μL of xanthine oxidase (0.4 U/mL) was added to start the reaction. The reaction was measured for 3 min at 550 nm with a Libro S22 spectrophotometer (Biochrom). One unit of total SOD activity was defi ned as the amount of enzyme required to achieve 50 % inhibition in the typical calibration curve obtained with standard SOD. Horse heart cytochrome C (type VI), human blood SOD (type I, lyophilised powder, 2400 U/mg protein), xanthine and xanthine oxidase (200 U/mL) were from Sigma-Aldrich.
The GSH assay is a modifi cation of the method fi rst described by Tietze (36) . In a 96-well plate, 40 μL of 10 mM DTNB (Ellman's reagent) were mixed with 20 μL of sample supernatant pretreated with 40 μL of 0.035 M HCL, incubated for 10 min and measured at 412 nm in an ELISA plate reader (Bio-Rad Laboratories, Hercules, CA, USA). Then, 100 μL of reaction solution containing: 9980 μL of 0.8 mM NADPH and 20 μL of glutathione reductase (0.2 U/mL) were added and the absorbance was read at 412 nm every minute for 5 min. GSH levels were determined by using molar absorption coeffi cient for DTNB of 8.22 M -1 cm -1
. DTNB, NADPH and glutathione reductase were purchased from Sigma-Aldrich.
CAT activity in liver was assayed by measuring the initial rate of H 2 O 2 disappearance at 240 nm with Libro S22 spectrophotometer (Biochrom) (37 
Statistical analysis
Data are presented as mean values with standard deviations (S.D.). The data were tested for normality and homoscedasticity with the Shapiro-Wilks' W test. They were normally distributed and further tested by ANOVA and Tukey´s post hoc test for detection of diff erences between the mean values. Statistical signifi cance between the groups was set at p<0.05. The analysis was performed using SPSS v. 17 soft ware (38).
Results and Discussion
Research on dietary hyperlipidaemia and oxidative stress in vascular infl ammation (39, 40) has been directed towards the development of new nutritional strategies and the creation of pharmaceuticals of wine-based origin that have the potential to reduce the development and adverse eff ect of cardiovascular disease (CVD). Previous studies showed that Blatina red wine contains very high concentrations of total phenols (1786.71-2235.59 mg/L) depending on maceration time (41, 42) . In general, Blatina wine has a higher polyphenolic content than wines from other geographical origins (43) , which was the main reason its lees were selected for this study.
Chemical analysis of wine lees showed that their total solid content was 94.2 %. Analysis of particular groups of bioactive compounds showed that wine lees contained total phenols, total nonfl avonoids and total fl avonoids expressed in mg of gallic acid equivalents per 100 g of dry mass: 2316.6±37.9, 1332.5±51.1 and 984.1±28.2, respectively. The content of total anthocyanins expressed in mg of cyanidin-3-glucoside equivalents per 100 g of dry mass was 383.1±21.6. The assessment of total antioxidant capacity of wine lees by the DPPH and FRAP methods, expressed in mM of Trolox equivalents per 100 g of dry mass, showed that DPPH antioxidant capacity was 259.8±1.8 and FRAP was 45.70±1.05. The reported HPLC analysis of Blatina red wine lees (Table 1) showed that amongst the most abundant polyphenols was quercetin in concentrations exceeding the amounts of other detected individual polyphenolic compounds almost three times. Ellagic acid was the second highest detected compound followed by approx. 28 % lower concentrations of galic, caff eic and p-coumaric acids, all at approximately similar levels. Chlorogenic acid and kaempferol were present in smaller but similar concentrations. Data on the polyphenolic content of lees usually compare polyphenolic content as correlation between the length of maceration time and wine ageing (41, 42) , and values are given only for the wine and not for the lees. Rare existing reports on qualitative and quantitative composition of polyphenols mention lower insoluble-bound fractions of 63 and 79 % with a lower TPC of 5000-9000 μg/g (44) and lower contents of poly phe nolics, for example caff eic acid, p-coumaric acid, my ricetin, quercetin and its glycans (45) than detected here. Results on total polyphenols and individual polyphenolic content justify the starting hypothesis that Blatina lees are a rich source of bioactive substances with high antioxidant activity suitable for in vivo physiological experiment.
In the in vivo study, feeding mice with a cholesterol--rich diet resulted in dietary hyperlipidaemia and hypercholesterolaemia, a known model in the literature (46) . A hypercholesterolaemic high-fat diet signifi cantly increased (p<0.05) TC by approx. 2.3-fold, TAG by 1.5-fold and LDL by 3.5-fold in comparison with a control, fed a normal diet (Table 2) . However, treatment with wine lees together with fat and cholesterol-rich diet signifi cantly (p<0.05) decreased TC, TAG and LDL (Table 2 ) compared to hypercholesterolaemic group treated without wine lees. In combined treatment with high-cholesterol diet and wine lees, TC and LDL did not reach the same levels as in animals fed a normal diet but were reduced by approx. 1.3-to 1.4-times more than in the treatment with high-cholesterol diet alone. There is no information in the literature about the eff ect of treatment with wine lees as a functional food on serum lipid levels. However, similar reduction of hypocholesterolaemic and hypotriglyceridaemic eff ects has been reported for polyphenol-rich wine and other foods and beverages in similar in vivo experiments (47) (48) (49) (50) (51) . The results presented here can be explained by the proposed mechanisms from similar studies that polyphenols from wine or other plant sources alter the lipoprotein metabolism by mechanisms of delayed lymphoid transport, infl uencing apolipoprotein B concentrations, packaging and secretion of very low-density lipoprotein particles from the liver or expression of LDL receptors (49) (50) (51) . This remains to be elucidated in future mechanistic and physiological studies on polyphenols in wine lees. The proposed eff ects do not mention the increase of serum HDL levels as a possible mechanism of cholesterol reorganisation in the organism. Our results also showed this trend of unchanged HDL levels regardless of the treatment (Table 2 ).
Regarding the oxidative and antioxidative processes in the liver, it was shown that a dietary stressor such as a hypercholesterolaemic diet was able to induce post-prandial metabolic stress, which mediated an imbalance of the oxidoreduction pathways and a burst of lipid peroxidation recorded through the formation of MDA (Fig. 1a) in liver tissue. These eff ects can be explained by mitochondrial activity, as in some previous studies (52) . A significant (p<0.05) decrease in the activities of SOD by approx. 50 % (Fig. 1b) , CAT by approx. 30 % (Fig. 1c) and glutathione by approx. 17.5 % was observed in mice treated with HCD (Table 3) . Conversely, mice on a HCD simultaneously fed a diet enriched with wine lees showed a significant (p<0.05) depletion of lipid peroxidation in liver tissue (Fig. 1a) , which has been shown similarly in the literature for other polyphenol-rich foods (47, 50, 51, 53) . Furthermore, there was a signifi cant (p<0.05) restoration of hepatic SOD and CAT activities (Figs. 1b and c) , with the values similar to the control group. The compos ition and high content of polyphenols in lees are likely responsible for diminishing oxidative stress and for the reduced activity of antioxidant enzymes. A likely mechanism might be in the ROS reaction with protein thiol moieties to produce a variety of sulphur oxidation states, thus lowering LDL oxidation and acting as a scavenger of single-electron oxidants, inhibiting lipid peroxidation (50, 51) . Some studies on wine antioxidant eff ects and the benefi cial infl uence of wine consumption on serum lipids and antioxidant enzymes state that lipid-and cholesterol-lowering properties may be physiologically elicited by the alcohol component of wine rather than polyphenols, since alcohol metabolism is associated with increased HDL cholesterol levels and stimulates reverse cholesterol transport (49) . However, the results of this study indicate that a similar eff ect is also obtained without alcohol component. A hypercholesterolaemic diet signifi cantly (p<0.05) increased plasma liver metabolic transaminase markers AST and ALT (Table 2) . When wine lees are added to the diet, the activity of these enzymes was restored and was close to the values of the control group, but treatment with lees alone did not elicit the increase of these biomarkers in serum (Table 2) . Based on the survey of basic liver enzymes, the application of lees as a food supplement could be considered safe within the proposed animal model, although a broad risk study should be conducted to confi rm these preliminary results prior to conducting applicative trials.
Conclusions
This preliminary study showed that the lees remaining aft er Blatina wine precipitation are rich in polyphenols and antioxidant bioactive compounds with hypolipidaemic and antioxidant properties in dietary-induced hypercholesterolaemia in animal model. High phenolic content and antioxidant capacity suggest that the wine lees are a potent source for the development of antioxidants from wine by-products. Evidence in humans of the same physiological properties should be collected to allow polyphenols from wine lees to be developed as an effi cient functional food. Nevertheless, this study indicates that polyphenols isolated from wine lees present a potential dietary source of antioxidants without alcohol consumption.
